Functional inactivation of the protein tyrosine phosphatase DEP-1 leads to increased endothelial cell proliferation and failure of vessels to remodel and branch. DEP-1 has also been proposed to contribute to the contact inhibition of endothelial cell growth via dephosphorylation of vascular endothelial growth factor receptor 2 (VEGFR2), a mediator of vascular development. However, how DEP-1 regulates VEGF-dependent signaling and biological responses remains ill-defined. We show here that DEP-1 targets tyrosine residues in the VEGFR2 kinase activation loop. Consequently, depletion of DEP-1 results in the increased phosphorylation of all major VEGFR2 autophosphorylation sites, but surprisingly, not in the overall stimulation of VEGFdependent signaling. The increased phosphorylation of Src on Y529 under these conditions results in impaired Src and Akt activation. This inhibition is similarly observed upon expression of catalytically inactive DEP-1, and coexpression of an active Src-Y529F mutant rescues Akt activation. Reduced Src activity correlates with decreased phosphorylation of Gab1, an adapter protein involved in VEGF-dependent Akt activation. Hypophosphorylated Gab1 is unable to fully associate with phosphatidylinositol 3-kinase, VEGFR2, and VEcadherin complexes, leading to suboptimal Akt activation and increased cell death. Overall, our results reveal that despite its negative role on global VEGFR2 phosphorylation, DEP-1 is a positive regulator of VEGFmediated Src and Akt activation and endothelial cell survival.
Angiogenesis, or the formation of new blood vessels from preexisting ones, is a tightly regulated process essential for development, female reproductive functions, and wound healing (16, 45) . When uncontrolled or dysfunctional, angiogenesis also contributes to the development of several pathologies, including cancer, rheumatoid arthritis, retinopathies, and cardiovascular diseases (7, 32) . In normal or pathological conditions, neovascularization relies on the ability of endothelial cells to respond to gradients of angiogenic factors, such as vascular endothelial growth factor (VEGF), which promotes the survival, permeability, migration, and proliferation of loosely associated endothelial cells as they form new capillary tubes (3, 14) . At the surface of endothelial cells, the VEGF receptor 2 (VEGFR2) (KDR/Flk-1) receptor tyrosine kinase (RTK) has been identified as the major mediator of VEGFdependent signaling and cellular activities (15) . The tight coordination of phosphorylation and dephosphorylation events downstream of RTKs is required to maintain the proper signaling and kinetic specificities which dictate biological outcome. Control of tyrosine kinase-dependent signaling is in part mediated by protein tyrosine phosphatases (PTPs). However, despite the importance of VEGFR2 in the orchestration of the angiogenic response, the molecular mechanisms critical for the regulation of its signaling and biological activities are ill-defined, and little is known with respect to the implication of PTPs.
Density-enhanced phosphatase 1 (DEP-1, also known as PTP-, CD148, or PTPRJ) is a receptor-type PTP of about 180 to 220 kDa which is expressed in several cell types, including endothelial, epithelial, and hematopoietic cells (6, 11, 26, 43) . It comprises an extracellular domain containing eight fibronectin type III motifs, a transmembrane domain, and a single intracellular catalytic domain (43) . The expression level of DEP-1 was initially reported to increase with cell density, suggesting that it might work as a regulator of cell contact-mediated growth inhibition (43) . DEP-1 expression was also shown to be implicated in cell differentiation and the inhibition of tumor cell proliferation, suggesting a role as a tumor suppressor (31, 51, 54) . In line with these findings, DEP-1 was identified as the gene associated with the mouse colon cancer susceptibility locus (Scc1) and is frequently found to be deleted or mutated in human cancers (47) . In vivo inactivation of DEP-1 catalytic activity disrupts proper vascular development, leading to increased endothelial cell proliferation and impaired vessel remodeling and branching (50) . Since VEGFR2 is a major promoter of vascular development, these observations suggested its potential interaction with DEP-1. Interestingly, a fraction of DEP-1 localizes at endothelial cell-cell junctions, where VEGFR2 has also been reported to associate (6, 8) . Consistent with this colocalization, DEP-1 was shown to partly regulate VE-cadherin-mediated contact inhibition, via the concomitant dephosphorylation of VEGFR2 and inhibition of extracellular signal regulated kinase 1/2 (ERK1/2) activation (34) . However, despite these important biological functions of DEP-1 in endothelial cells in vitro and in vivo, there is relatively little functional and mechanistic insight into how DEP-1 regulates the endothelial cell phenotype.
A few DEP-1 candidate substrates have been identified besides VEGFR2, including p120 catenin , Src, and the plateletderived growth factor ␤ (PDGF-␤), Met/hepatocyte growth factor (HGF), epidermal growth factor (EGF), and RET receptors (4, 25, 30, 33, 36, 44) . DEP-1 dephosphorylates specific tyrosine residues of PDGFR-␤ and Met/HGF receptors that are involved in the promotion of cell proliferation and morphogenesis, respectively (33, 44) . In addition, DEP-1 overexpression in a malignant rat thyroid cell line was reported to specifically induce dephosphorylation of the Src-inhibitory Y529 and thus increase Src activity (36) . Although DEP-1 was shown to negatively regulate the VEGF-dependent activation of ERK1/2 and DNA synthesis (34) , the pattern of VEGFR2 dephosphorylation by DEP-1 as well as its potential implication in the regulation of other VEGF-dependent signaling cascades and biological activities remain unknown. In response to VEGF stimulation, VEGFR2 activates Src, phosphatidylinositol 3-kinase (PI3K), Akt, and endothelial NO synthase (eNOS), which provide cell survival, migratory, and permeability signals (1, 13, 18, 21, 22, 24, 40, 53) . Activated VEGFR2 has been reported to associate with VE-cadherin complexes via ␤-catenin, and this is essential for its association with PI3K, the activation of Akt, and the promotion of cell survival in response to VEGF (8) . In addition, we and others have recently shown that the Gab1 adapter protein recruits PI3K, associates with VEGFR2 complexes, and mediates optimal VEGF-dependent Akt activation, as well as endothelial cell migration and capillary formation (10, 35) . In order to determine if a targeted action of DEP-1 was involved in the differential regulation of VEGF-evoked angiogenic pathways in endothelial cells, we investigated the consequences of DEP-1 expression on the VEGFR2 phosphorylation profile and downstream signaling. We show here that in contrast to other RTKs, DEP-1 expression induces the global dephosphorylation of VEGFR2 by targeting tyrosine residues in the kinase activation loop involved in VEGFR2 activation. Reciprocally, depletion of DEP-1 from endothelial cells results in the simultaneous increased phosphorylation of every major VEGFR2 autophosphorylation site. Unexpectedly, this does not translate into the upregulation of all VEGF-dependent signaling, since DEP-1 is required for dephosphorylation of Src-Y529 and consequent Src and Akt activation. Thus, the depletion of DEP-1 leads to the reduced Src-dependent phosphorylation of Gab1 and its decreased association with PI3K, Src, VE-cadherin, and VEGFR2 complexes, resulting in the inhibition of Akt activation and increased cell death. Our work therefore reveals an unforeseen role for DEP-1 in the association of Gab1 with the VEGFR2/VE-cadherin signaling complexes, the promotion of Src and Akt activation, and endothelial cell survival.
MATERIALS AND METHODS
Cell culture. HEK 293 cells were grown in high-glucose Dulbecco's modified Eagle's medium (DMEM; Invitrogen) containing 10% fetal bovine serum (FBS; Invitrogen) and 50 g/ml gentamicin (Wisent). Human umbilical vein endothelial cells (HUVECs; Clonetics/Lonza or Cascade Biologics, purchased from Cedarlane Laboratories Ltd., Burlington, ON, Canada) were cultured (passages 1 to 4) on 0.2% gelatin-coated tissue culture dishes and maintained in endothelial basal medium 2 (EBM-2) supplemented with 2% FBS, EGF, VEGF, fibroblast growth factor (FGF), heparin, insulin-like growth factor 1, hydrocortisone, and ascorbic acid (EGM-2 bullet kit; Clonetics/Lonza).
Antibodies and reagents. Antibodies against phosphotyrosine (PY99), Myc (clone 9E10), VEGFR2 (clone C-1158 to immunoprecipitate VEGFR2 and clone A-3 for immunoblotting), Gab1 (clone H-198), and VE-cadherin (clone C-19 for immunoblotting) were purchased from Santa Cruz Biotechnology. A third anti-VEGFR2 antibody (rabbit antiserum) purchased from Upstate/Millipore (Cedarlane Laboratories) was also used to immunoprecipitate VEGFR2. Antibodies against VEGFR2 pY1054, VEGFR2 pY1059, the p85 subunit of PI3-kinase, phospholipase C␥ (PLC␥), glutathione S-transferase (GST), and Src (clone GD11 for immunoprecipitation) were obtained from Upstate/Millipore. Phospho-specific antibodies against VEGFR2 pY1054/1059, VEGFR2 pY1214, PLC␥ pY783, Src pY529, and Src pY418 were obtained from BioSource Inc. (Invitrogen). Antibodies against VEGFR2 pY951, VEGFR2 pY996, VEGFR2 pY1175, Src (clone 36D10 for immunoblotting), Akt pS473, Akt pT308, Akt, ERK1/2 pT202/pY204, ERK1/2, eNOS pS1177, eNOS, FOXO1 pS256, FOXO1, p38 mitogen-activated protein kinase (MAPK) pT180/pY182, and p38 MAPK were from Cell Signaling Technology Inc., New England Biolabs. The VEcadherin (clone 11D4.1 for immunoprecipitation) and ␤-catenin antibodies were from BD Transduction Laboratories, BD Biosciences. The actin (JLA20) monoclonal antibody developed by Jim Jung-Ching Lin was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City. PP2 was purchased from Biomol (Plymouth Meeting, PA). Anti-VEGFR2 pY801 was generated as previously described (5) . Horseradish peroxidase-conjugated anti-mouse or -rabbit immunoglobulin G antibodies from Cell Signaling Technology Inc. were used for immunodetection. VEGF, colony stimulating factor 1 (CSF-1), FGF, and the DEP-1 antibody were purchased from R&D Systems (distributed by Cedarlane Laboratories).
Generation of Myr-DEP-1 construct. The cDNA encoding the intracellular domain of human DEP-1 (amino acids 997 to 1337 [43] ) was generated by reverse transcription-PCR carried out on total RNA extracted from HeLa cells with Trizol (Invitrogen) and using RNase H reverse transcriptase (Invitrogen) according to the manufacturer's instructions. Primers used were 5Ј-GTCGGAT CCAGAAAGAAGAGGAAAGATGCA-3Ј (sense orientation) and 5Ј-TTTCT CGAGGCGATGTAACCATTGGTCTT-3Ј (antisense orientation). The underlined sequences correspond to added BamHI and XhoI restriction sites, respectively. The cDNA was cloned into the mammalian expression vector pCDNA4. The short myristylation sequence from the N-terminal domain of Src (amino acids 1 to 17) was introduced 5Ј of the DEP-1 sequence to target the protein to the plasma membrane. The resulting Myr-DEP-1 cDNA expression vector encodes a fusion protein with an amino-terminal myristylation signal and amino acids 997 to 1337 of DEP-1 followed by a Myc tag and a His tag. DEP-1 point mutants (C1239S and D1205A) were generated by site-directed mutagenesis using the QuikChange site-directed mutagenesis kit according to the manufacturer's protocol (Stratagene, La Jolla, CA) and the following mutagenic primers (Invitrogen, Burlington, ON, Canada): 5Ј-CGATTCTGGTGCATTCC AGTGCTGGGGTCGG-3Ј (C/S mutant, sense orientation) and 5Ј-CACCTCC TGGCCAGCCCACGGTGTTCCCGAC-3Ј (D/A mutant, sense orientation). Mutations were confirmed by DNA sequencing.
Generation of the CSF-VEGFR2 chimeric receptor mutants. The CSF-VEGFR2 chimeric receptor encoding the human CSF-1 receptor extracellular domain fused to the transmembrane and intracellular domain of human VEGFR2 (in the pShuttle-CMV adenoviral vector; Qbiogene, MP Biomedicals, Montreal, QC, Canada) was generated as described before (35) . The human CSF-1R (pSM-CSF-1R) and VEGFR2 (pCR3-hFlk1) vectors were kind gifts of Martine Roussel (St. Jude Children's Research Hospital, Memphis, TN) and Cam Patterson (University of North Carolina, Chapel Hill), respectively. All of the CSF-VEGFR2 mutations were generated using the QuikChange XL site-directed mutagenesis kit (Stratagene). The mutagenic primers (Invitrogen) used to generate the various mutants were the following: 5Ј-AACTGAAGACAGGCTTCTTGTCCATCGTCATGGAT CC-3Ј (Y801F), 5Ј-GTCAAGGGAAAGACTTCGTTGGAGCAATCCCTGTGG AT-3Ј (Y951F), 5Ј-GAAGCTCCTGAAGATCTGTTTAAGGACTTCCTGAC C-3Ј (Y996F), 5Ј-CTGTGACTTTGGCTTGGCCCGGGATATTTTTAAAGATC CAG-3Ј (Y1054F), 5Ј-GATATTTATAAAGATCCAGATTTTGTCAGAAAAGG AGATGCTCGC-3Ј (Y1059F), 5Ј-TGCTCAGCAGGATGGCAAAGACTTCATT GTTCTTCCGA-3Ј(Y1175F), 5Ј-GACCCCAAATTCCATTTTGACAACACAGC AGGAATCAGTC-3Ј (Y1214F). The Y1054F/Y1059F mutant was made on the CSF-VEGFR2 Y1059F mutant background by using the Y1054F mutagenic primer. The 5F mutant (Y801F/Y951F/Y996F/Y1175F/Y1214F) was sequentially made by using the corresponding mutagenic primers described above.
Substrate-trapping experiments. HEK 293 cells were seeded at 1.2 ϫ 10 6 cells/10-cm dish and transfected 24 h later using the standard calcium phosphate method with 20 g of VEGFR2 cDNA construct (pCR3-hFlk1), 15 g of CSF-VEGFR2, or the corresponding pCR3 or pShuttle-CMV empty vectors. Twentyfour hours posttransfection, cells were serum starved in DMEM overnight. Prior to lysis, cells were incubated with freshly made pervanadate (100 M) for 20 min at 37°C (the pervanadate mixture [10 mM] contained 1.0 ml of 10 mM sodium orthovanadate mixed with 1.2 l of 30% H 2 O 2 ). Cells were rinsed with phosphate-buffered saline (PBS) and lysed in a 50 mM HEPES, pH 7.5, buffer containing 0.5% Nonidet P-40, 0.5% Triton X-100, 10% glycerol, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, and 10 g/ml leupeptin. The lysis buffer also contained 5 mM iodoacetic acid to inhibit cellular PTPs irreversibly. After incubation on ice for 20 min, dithiothreitol was added to a final concentration of 10 mM to inactivate unreacted iodoacetic acid. Cell lysates (4 mg and 2 mg of VEGFR2-and CSF-VEGFR2-transfected cells, respectively) were mixed with DEP-1 previously collected on beads. DEP-1 was immunoprecipitated for 1.5 h at 4°C using the 9E10 Myc antibody from independent lysates (250 g, or 1 mg for the experiment shown below in Fig. 1A ) of HEK 293 cells transfected with 10 g of Myr-DEP-1 cDNA constructs per 10-cm dish. Protein G-Sepharose beads were added for 1.5 h at 4°C and then washed three times with lysis buffer (without iodoacetic acid) before incubation for three more hours with lysates of HEK 293 cells transfected with VEGFR2, CSF-VEGFR2, or empty vectors prepared as described above. Beads were washed three times with lysis buffer and trapped proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto Hybond-C Extra membranes (Amersham Biosciences/GE Healthcare), and revealed by Western blotting and enhanced chemiluminescence (ECL) detection according to the manufacturer's recommendations (Amersham Biosciences/GE Healthcare). HEK 293 cells expressing the CSF-VEGFR2 mutants were in addition stimulated at 37°C for 5 min with CSF-1 (50 ng/ml) at the end of the pervanadate treatment. For in vivo association, HEK 293 cells in 10-cm dishes were transfected with 10 g of DEP-1 D/A plasmid (obtained from Nicholas Tonks, Cold Spring Harbor Laboratories) or with 10 g of VEGFR2 plasmid (pCR3-hFlk1) in combination with 10 g of pMT2 empty vector or 10 g of DEP-1 D/A. Twenty-four hours posttransfection, cells were serum starved overnight, rinsed with PBS containing 1 mM Na 3 VO 4 , and lysed with the 50 mM HEPES, pH 7.5, lysis buffer described above (containing 5 mM NaF and 1 mM Na 3 VO 4 ). VEGFR2 was immunoprecipitated overnight and further incubated for 1 h with protein A-Sepharose beads.
In vitro dephosphorylation of VEGFR2. HEK 293 cells were transfected with 20 g of VEGFR2 cDNA construct (pCR3-hFlk1). Twenty-four hours posttransfection, cells were serum starved overnight, stimulated with VEGF (50 ng/ml) at 37°C for 5 min, and lysed as for the in vivo association experiment described above. VEGFR2 immunoprecipitates were washed twice with PBS and once with PTPase assay buffer (52) before incubating with 5 g of GST or GST-DEP-1 IC fusion proteins (wild type [WT] or C/S) for 1 h at 37°C in 500 l of PTPase buffer. GST-DEP-1 IC was generated by subcloning the intracellular domain of WT and C/S DEP-1 into pGEX4T2, and proteins were produced as described previously (46) . VEGFR2 immunoprecipitates were washed three times with PTPase buffer before performing SDS-PAGE and Western blotting analysis.
Dephosphorylation of VEGFR2 by Myr-DEP-1 in HEK 293 cells. HEK 293 cells were transfected with 20 g of VEGFR2 plasmid (pCR3-hFlk1) in combination with increasing amounts of WT Myr-DEP-1 plasmid (0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 1.0 g) per 10-cm dish. The total amount of DNA in each plate was normalized by using empty vector pCDNA4. Twenty-four hours posttransfection, the cells were serum starved overnight and stimulated or not with VEGF (50 ng/ml) for 2 min at 37°C. Cells were rinsed with 5 ml of PBS containing 250 M Na 2 VO 3 and lysed in the 50 mM HEPES, pH 7.5, lysis buffer containing 5 mM NaF and 250 M Na 3 VO 4 . VEGFR2 was immunoprecipitated overnight at 4°C and further incubated for 1.5 to 2 h at 4°C with protein A-Sepharose beads. VEGFR2 immunoprecipitates were washed three times with lysis buffer and subjected to SDS-PAGE and Western blotting analysis.
Transfection and protein analysis in HUVECs. HUVECs (passage 3 or 4) were seeded at a density of 1 ϫ 10 5 cells/cm 2 1 day before transfection. Pools of four specific DEP-1 (PTPRJ) small interfering RNAs (siRNAs; siGENOME SMARTpool catalog no. M-008476-01) and standard siCONTROL 2 or RISCFree siRNAs (from Upstate/Dharmacon/Millipore) were transfected at a final concentration of 200 nM in high-glucose DMEM using Targefect reagents according to the manufacturer's recommendations (Targeting Systems Inc., Santee, CA). Similar results were obtained with either a RISC-free control siRNA pool or with the standard control 2 siRNA pool. The DEP-1 3 (Hs_PTPRJ_3_HP) and AllStars control siRNAs from Qiagen were also used for some of the experiments. After a 2-h incubation, cells were rinsed twice in PBS and cultured for 48 h in MCDB-131 medium (Sigma) supplemented with 2.0% FBS, 1 g/ml hydrocortisone (Sigma), 10 ng/ml EGF, 15 g/ml endothelial cell growth supplement (Upstate/Millipore), 50 g/ml heparin sodium salt (Sigma), and 50 g/ml gentamicin. HUVECs were next starved for 6 h in MCDB-131 medium containing 1% bovine serum albumin and 50 g/ml gentamicin, with a medium change for the last hour. Cells were then incubated with VEGF (80 ng/ml) or other growth factors at 37°C for the indicated times, washed with PBS, and lysed on ice with the 50 mM HEPES, pH 7.5, lysis buffer containing 5 mM NaF and 2 mM Na 3 VO 4 . Immunoprecipitated proteins or total protein extracts (40 to 50 g) were resolved by SDS-PAGE and transferred to nitrocellulose Hybond-C Extra membranes. Western blotting and ECL detection were then performed according to the manufacturer's recommendations. The Visualizer reagent (Upstate/Millipore) was sometimes used instead of ECL for detection of weak signals, such as that of DEP-1. For cDNA transfections, 5 ϫ 10 4 cells/cm 2 were plated in 6-cm dishes and transfected the next day with Lipofectin according to the manufacturer's recommendations (Invitrogen). Five g of empty vector (pMT2) or DEP-1 C/S plasmid, or combinations of 5 g of DEP-1 C/S plasmid and 2 g of either c-Src or c-Src Y529F plasmids were transfected overnight in EBM. The transfection medium was then replaced with EGM-2 medium and the cells were stimulated 24 h later at 37°C with 50 ng/ml of VEGF after a 6-h starvation period in EBM. The full-length DEP-1 C/S human cDNA construct and pMT2 vector and the WT human Src and Src Y529F constructs (in pCDNA3) were generously provided by Nicholas Tonks (Cold Spring Harbor Laboratory) and Stéphane Laporte (McGill University), respectively.
In vitro Src kinase assay. Src immunoprecipitates were washed three times with the 50 mM HEPES, pH 7.5, lysis buffer containing 5 mM NaF and 1 mM Na 3 VO 4 and once with PBS before adding the Src peptide substrate with [␥-
32 P]ATP in a Src kinase reaction buffer (Src kinase assay kit; catalog no. 17-131; Upstate/Millipore). After a 10-min incubation at 30°C, the phosphorylated peptide was precipitated with 40% trichloroacetic acid, separated from the residual [␥-32 P]ATP using P81 phosphocellulose paper, and quantified with a scintillation counter.
Cell death evaluation. HUVECs were transfected with siRNAs as described above. Following treatment, cells were trypsinized and plated at a density of 3 ϫ 10 4 /cm 2 in complemented MCDB131 medium and allowed to adhere for 18 h. The cells were then washed with PBS and incubated for 33 h in EBM containing 2% FBS alone, with VEGF (80 ng/ml), or VEGF (80 ng/ml) with FGF (80 ng/ml) and heparin (5 g/ml). At the end of this incubation period, floating and trypsindetached HUVECs were collected and washed once with cold PBS and fixed in 70% cold ethanol (overnight at Ϫ20°C). After fixation, cells were stained for 30 min in PBS with RNase A (200 g/ml) and propidium iodide (50 g/ml). DNA content was analyzed by fluorescence-activated cell sorting. At least 10,000 events were analyzed. Dead cells were defined as sub-2N DNA-containing cells (sub-G 1 peak).
RESULTS
DEP-1 targets Y1054/Y1059 in the VEGFR2 kinase activation loop. Depletion of DEP-1 in VEGF-stimulated confluent endothelial cells results in increased VEGFR2 phosphorylation, suggesting that VEGFR2 is a substrate of DEP-1 (34) . However, the specific VEGFR2 tyrosine residues targeted for dephosphorylation as well as the general consequences on VEGF-induced signaling remain ill-defined. To first confirm that VEGFR2 is a bona fide DEP-1 substrate, we initially investigated the ability of the substrate-trapping mutant DEP-1 D1205A (D/A) to interact with VEGFR2. For this purpose, the myristylated and Myc-tagged intracellular portion of DEP-1 D/A (Myr-DEP-1 D/A) was immunoprecipitated from transfected HEK 293 cells and immobilized on protein Gcoupled Sepharose beads. The intracellular portions of WT DEP-1 and C1239S (C/S) catalytically inactive mutant were also purified. Lysates of pervanadate-treated HEK 293 cells transfected with vector alone (pCR3) or expressing either fulllength VEGFR2 or a CSF-VEGFR2 chimera, which encompasses the CSF-1 receptor extracellular domain fused to the transmembrane and intracellular domains of VEGFR2, were then incubated with Myr-DEP-1 D/A-, WT-and C/S-coupled VOL. 29, 2009 DEP-1 MEDIATES Akt ACTIVATION AND SURVIVAL 243 beads. As shown in Fig. 1A , VEGFR2 or the CSF-VEGFR2 chimera formed stable complexes with the D/A mutant, but as expected, VEGFR2 did not stably associate with the WT Myr-DEP-1. Under identical conditions, the catalytically inactive C/S mutant was unable to trap VEGFR2 or other tyrosinephosphorylated proteins. The association of CSF-VEGFR2 with Myr-DEP-1 D/A was blocked by sodium vanadate, a competitive inhibitor of PTPs which interacts with the catalytic site and blocks recognition of substrates, suggesting that VEGFR2 can associate with the active site of DEP-1 (Fig. 1B) (28) . VEGFR2 could also coimmunoprecipitate with full-length DEP-1 D/A in transfected HEK 293 cells (Fig. 1C) . This association led to the increased phosphorylation of VEGFR2 when compared to VEGFR2 expressed alone, demonstrating that VEGFR2 was protected from dephosphorylation by this interaction with the D/A substrate-trapping mutant. Lastly, in agreement with VEGFR2 being a DEP-1 substrate, incubation of immunoprecipitated VEGFR2 with the intracellular portion of DEP-1 fused to GST (GST-DEP-1 IC ) led to its dephosphorylation, while its phosphorylation was maintained when incubated with the catalytically inactive C/S mutant (Fig. 1D) . Thus, altogether, these results demonstrate the functional interaction between VEGFR2 and DEP-1 and, together with previous siRNA studies, further validate VEGFR2 as a DEP-1 substrate (34). The PDGF-␤ and Met/HGF receptors have been identified as DEP-1 substrates (33, 44) . In these particular cases, DEP-1 dephosphorylates specific tyrosine residues previously recognized as mediators of proliferation and morphogenesis, respectively. To define the impact of DEP-1 on VEGFR2 function, we initially investigated if DEP-1 had specificity toward any major VEGFR2 autophosphorylation sites. For this, HEK 293 cells were cotransfected with VEGFR2 (20 g) and increasing amounts of WT Myr-DEP-1 (0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 1 g), similarly to what had been done for Met (44) . Figure 2 shows that in contrast to the PDGF-␤ and Met/HGF receptors, VEGFR2 tyrosine phosphorylation was globally attenuated by DEP-1. Thus, a gradual and simultaneous decrease in the level of phosphorylation of all major autophosphorylation sites tested was observed as the expression of Myr-DEP-1 increased, including that of Y996 in the kinase insert domain (Y951 was not phosphorylated in HEK 293 cells), Y1054/ Y1059 in the kinase activation loop, and Y1175 and Y1214 in the C-terminal tail. Quantification of the results from five independent experiments confirmed this interpretation (Fig.  2B ). These findings further reveal that as the phosphorylation level of Y1054/Y1059 progressively decreases, the phosphorylation of Y996, Y1214, and Y1175 decreases proportionally while maintaining the same differential phosphorylation ratios that are also similarly observed in unstimulated quiescent cells. These results therefore suggest that the autoactivation residues Y1054 and Y1059 are targeted by DEP-1 and that this results in the inhibition of kinase activity and the consequent general dephosphorylation of VEGFR2.
To validate this hypothesis, we next evaluated the ability of Myr-DEP-1 D/A to trap various CSF-VEGFR2 mutants encompassing either single Y/F mutations of every major autophosphorylation sites, the double Y1054F/Y1059F mutation, or five Y/F mutations corresponding to all major autophosphorylation sites except Y1054 and Y1059 (5F mutant; Y801F, Y951F, Y996F, Y1175F, and Y1214F) (Fig. 3) . Lysates of pervanadate-treated and CSF-1-stimulated HEK 293 cells transfected with vector alone (pShuttle) or expressing CSF-VEGFR2 WT and mutants were incubated with Myr-DEP-1 D/A previously immobilized on beads. Lysates of cells expressing WT CSF-VEGFR2 were also incubated with beads coupled or not to WT DEP-1 as negative controls. Results showed that Myr-DEP-1 D/A retained the ability to trap all single Y/F mutants; slight variations in recovery observed between some of the single mutants were not considered significant. However, Myr-DEP-1 D/A clearly failed to efficiently trap the Y1054/1059F double mutant, suggesting that the autoactivation loop tyrosines were recognized by the DEP-1 catalytic site (Fig. 3A) . Conversely, Myr-DEP-1 D/A could still trap the 5F mutant, which retains Y1054 and Y1059 but not any of the other major autophosphorylation sites (Fig. 3B) . Importantly, the phosphorylation levels of all mutants were similar in these experiments, confirming that the decreased association of the VEGFR2 Y1054F/Y1059F mutant with Myr-DEP-1 D/A was due to the loss of these tyrosine residues and not because it was less phosphorylated overall compared to other mutants (Fig.  3C) . Collectively, these data thus support a model where the VEGFR2 autoactivation residues are targeted by DEP-1, resulting in the simultaneous dephosphorylation of all autophosphorylation sites.
Silencing of DEP-1 in confluent endothelial cells leads to the increased phosphorylation of all major VEGFR2 autophosphorylation sites but differentially affects VEGF-induced signaling pathways. If DEP-1 is involved in the global dephosphorylation of VEGFR2, the depletion of DEP-1 should then lead to the overall increase of VEGFR2 phosphorylation and activation of downstream signaling cascades. To test this hypothesis, the phosphorylation of VEGFR2 was investigated in DEP-1-depleted endothelial cells. Confluent HUVECs were transfected with control or DEP-1 siRNA pools and the VEGF-induced phosphorylation of all major autophosphorylation sites evaluated at the indicated times using phosphospecific antibodies (Fig. 4) . As postulated, the phosphorylation of every tyrosine residue tested (Y801, Y951, Y996, Y1054, Y1059, Y1175, and Y1214) was similarly increased in DEP-1-depleted cells, as early as 2 min and up to 15 min poststimulation. Our results thus show that DEP-1 regulates global VEGFR2 phosphorylation, suggesting that DEP-1 could regulate a broad range of VEGFR2-dependent signaling pathways. To investigate this, lysates of HUVECs treated as above were probed with phospho-specific antibodies recognizing the active forms of major enzymes known to be stimulated in response to VEGF. Consistently, with kinetics similar to those observed for the increased phosphorylation of VEGFR2, the phosphorylation of PLC␥, eNOS, ERK1/2, and p38 was upregulated in DEP-1-depleted cells compared to control cells (Fig. 5A) . Surprisingly, however, the phosphorylation of Akt (on S473 and T308) was consistently impaired in DEP-1-depleted cells (Fig. 5A and B) . Moreover, the phosphorylation of the Akt substrates FOXO1/4, which are involved in the regulation of cell survival, was also reduced by the depletion of DEP-1 (Fig. 5B) . Thus, although VEGFR2 autophosphorylation sites known to be involved in the activation of all of these pathways were upregulated in DEP-1-depleted cells (5, 41), this did not translate into the enhancement of VEGF-dependent Akt activation. DEP-1 mediates VEGF-dependent Akt activation through the Src-dependent tyrosine phosphorylation of Gab1 and associated PI3K. The phosphorylation of the scaffolding adapter Gab1 by Src kinases and its association with PI3K has been reported to mediate Akt activation in VEGF-stimulated microvascular endothelial cells and HUVECs (10, 35) . Since DEP-1 is able to dephosphorylate the inhibitory Y529 and activate Src (36), we hypothesized that the inhibition of Akt in the absence of DEP-1 could be a direct consequence of reduced Src activation and Gab1 phosphorylation. As initial support for this hypothesis, we found that incubation of HUVECs with the Src family kinase inhibitor PP2 led to the complete block of Akt phosphorylation on S473 in response to VEGF stimulation, demonstrating that in VEGFstimulated HUVECs, Akt activation is Src kinase dependent (Fig.  6A) . To then determine if Src activity was regulated by DEP-1, total cellular Src was immunoprecipitated from control and DEP-1-depleted cells stimulated or not with VEGF. Immunoblot analysis using the p Y418 Src antibody revealed that Src was less phosphorylated in DEP-1-depleted cells (Fig. 6B) . Consistently, the ability of immunoprecipitated Src to phosphorylate a Src-specific peptide substrate was decreased in VEGF-stimulated DEP-1-depleted cells, demonstrating that the reduced phosphorylation of Y418 correlated with a strong inhibition of Src kinase activity (1.3-fold induction over unstimulated control cells compared to a 3.6-fold induction in VEGF-stimulated control cells) (Fig. 6C) . However, we were not able to see modulations of the phosphorylation of Y529 on total Src between control and DEP-1-depleted cells. Since DEP-1 localizes at cell-cell junctions in endothelial Figure 6D shows that the depletion of DEP-1 greatly enhanced Y529 phosphorylation of this pool of Src, consistent with the observed reduction of Src kinase activity in VEGF-stimulated DEP-1-depleted cells. These data demonstrate that DEP-1 contributes to the activation of Src in endothelial cells, presumably by dephosphorylating the Y529-inhibitory residue of Src associated with VE-cadherin complexes. Moreover, these results also strongly suggest that reduced Src activity, resulting from the depletion of DEP-1, is responsible for the decreased Akt activation in response to VEGF stimulation. To further prove the role of DEP-1 and Src in VEGF-mediated Akt activation, the DEP-1 C/S catalytically inactive mutant was expressed in HUVECs. Results from Fig. 6E show that Src and Akt were concomitantly inhibited upon VEGF-stimulation of these cells, compared to their activation in control cells transfected with empty vector (pMT2). Importantly, coexpression of the constitutively active Src Y529F mutant with DEP-1 C/S was able to rescue Akt activation upon VEGF stimulation (Fig. 6F) . These data therefore convincingly demonstrate that DEP-1 is required for full Src activation in VEGF-stimulated cells and that this is essential for the optimal activation of Akt. Based on this, we next investigated if the Src-dependent phosphorylation of Gab1 was also defective in DEP-1-depleted cells, thus explaining Akt inhibition. The level of Gab1 tyrosine phosphorylation and its ability to associate with signaling proteins were therefore evaluated in VEGF-stimulated DEP-1-depleted cells (Fig. 7) . Significantly, the tyrosine phosphorylation of immunoprecipitated Gab1 was inhibited in DEP-1-depleted cells (Fig.  7A) . The ability of Gab1 to associate with Src in response to VEGF was also reduced, suggesting that in addition to the inhibition of Src activity in VEGF-stimulated DEP-1-depleted cells, this impaired ability of Src to associate with Gab1 may also contribute to the decreased Gab1 tyrosine phosphorylation (Fig. 7A) . Importantly, the ability of hypophosphorylated Gab1 to associate with the p85 subunit of PI3K was greatly reduced in these cells (Fig. 7B) . Overall, these experiments show that the depletion of DEP-1 results in the suboptimal Src activation in response to VEGF stimulation, the ensuing reduced Gab1 phosphorylation and association with Src and PI3K, and the consequent downregulation of Akt activation.
Carmeliet et al. reported that the formation of a complex between VEGFR2, VE-cadherin, ␤-catenin, and PI3K is required for Akt activation and the survival of endothelial cells (8) . Since Gab1 associates with PI3K and VEGFR2 and mediates VEGF-induced Akt activation (35), we investigated if Gab1 was also part of this complex in HUVECs. Figure 8 shows that immunoprecipitated Gab1 associates with PI3K, ␤-catenin, VE-cadherin, and VEGFR2, strongly suggesting that Gab1 mediates the association of PI3K to the VEGFR2/ VE-cadherin complex in response to VEGF stimulation. However, the association of Gab1 with all of these proteins was impaired by the depletion of DEP-1. Collectively, these experiments reveal an essential and unsuspected role for DEP-1 as a mediator of VEGF-induced Gab1 tyrosine phosphorylation and downstream Akt activation in endothelial cells. In addition, our observations also underscore the ability of Gab1 to associate with the VEGFR2/VE-cadherin complex and show that this event is positively regulated by DEP-1. Depletion of DEP-1 impairs endothelial cell survival promoted by VEGF. Akt is essential for VEGF-mediated cell survival (8, 18, 21) . The decrease of Akt activation observed in VEGF-stimulated DEP-1-depleted cells suggests that VEGF will not be as efficient in protecting these cells from cell death under starvation conditions. To test this, control and DEP-1-depleted HUVECs seeded on gelatin-coated plates were incubated in EBM supplemented with 2% FBS only, in the absence or presence of VEGF, for 33 h. At the end of this incubation, cells were collected and stained with propidium iodide, and the DNA content was analyzed by fluorescence-activated cell sorting (FACS). Cell death was quantified by the percentage of hypodiploid cells (sub-G 1 population). The basal level of cell death in starved control and DEP-1-depleted cell populations was normalized to assess the relative efficacy of VEGF in the promotion of their survival. In the control cell population, the presence of VEGF decreased cell death by an average of 43%. In contrast, VEGF showed no protective effects on DEP-1-depleted cell populations (Fig. 9A) . The combination of VEGF with FGF, another endothelial cell survival factor, led to an even greater reduction of control cell death (an average of 79%). In the case of DEP-1-depleted cells, the addition of FGF also led to a significant but smaller reduction of cell death (an average of 37%). Consistent with these data, Src and Akt activation were impaired in DEP-1-depleted cells in response to FGF stimulation (Fig. 9B) . Altogether, these results indicate for the first time that DEP-1 is involved in the promotion of VEGF-and growth factor-mediated cell survival via activation of the Akt pathway.
DISCUSSION
The in vivo functional inactivation of DEP-1 following the substitution of its intracellular catalytic domain with green fluorescent protein leads to impaired vascularization characterized by increased proliferation of endothelial cells and defective remodeling and branching (50) . Since VEGFR2-dependent pathways are essential for proper vascular development, these studies suggested that part of the observed phenotype was due to their defective regulation in the absence of functional DEP-1. An elegant study by Lampugnani et al. supported this interpretation and further proposed that DEP-1, which colocalizes with cell-cell junctions, was involved in the VE-cadherin-mediated cell contact inhibition, via the dephosphorylation of VEGFR2 and inhibition of the proliferative ERK1/2 pathway in confluent endothelial cells (34) . However, despite the connection made, no direct interaction between VEGFR2 and DEP-1 was described, and the broad consequences of DEP-1 expression on VEGF-stimulated endothelial cells remained undefined. In this paper, we show that VEGFR2 and DEP-1 physically associate via the catalytic site of DEP-1. Our findings support the view that VEGFR2 tyrosine residues in the activation loop are targeted by DEP-1 and that this results in reduced kinase activation and the consequent general decrease of VEGFR2 autophosphorylation. Conversely, the depletion of DEP-1 leads to the overall increased phosphorylation of VEGFR2, as early as 2 min post-VEGF stimulation, but unexpectedly, not to the overall stimulation of VEGF-dependent signaling. Our major finding is that DEP-1 is a positive regulator of VEGF-induced Src and Akt activation, as well as of endothelial cell survival. We show that this is most likely due to the essential function of DEP-1 in allowing the Src kinase-dependent phosphorylation of the Gab1 adapter, which was previously shown to mediate Akt activation in VEGF-stimulated endothelial cells through its ability to associate with PI3K ( Fig. 10) (10, 35) . Consistently, in DEP-1-depleted cells, hypophosphorylated Gab1 no longer associates with PI3K, Src, and other components of the VE-cadherin complex. Our work thus importantly reveals that through DEP-1-mediated Src activation, phosphorylated Gab1 recruits PI3K to the VE-cadherin, ␤-catenin, and VEGFR2 complex previously shown to allow Akt activation and endothelial cell survival (8) .
Previous work by Lampugnani and colleagues suggested that VE-cadherin-dependent inhibition of cell growth was mediated via the dephosphorylation of VEGFR2 by DEP-1 at cellcell junctions, where both have been reported to localize (6, 8, 34) . Since VE-cadherin function has also been associated with the ability of VEGF to promote endothelial cell survival (8) , this led to the idea that as cells reached confluence, DEP-1 might specifically dephosphorylate VEGFR2 autophosphorylation sites involved in ERK1/2 activation and proliferation, but not those involved in Akt activation and survival. Thus, in a manner analogous to the targeted dephosphorylation of the PDGF-␤ and Met/HGF receptors by DEP-1 (33, 44) , specific dephosphorylation of VEGFR2 would explain the opposite regulation of VE-cadherin on cell proliferation and survival. What our study has shown is that there is indeed a differential regulation of ERK1/2 and Akt activation by DEP-1 in endothelial cells. DEP-1 downregulates VEGF-mediated ERK1/2 activation, as well as that of PLC␥, p38, and eNOS, but surprisingly, positively regulates Akt activation. However, this is not dictated by a differential dephosphorylation of VEGFR2 by DEP-1. Our experiments involving DEP-1 overexpression, the trapping of VEGFR2 Y/F mutants, or the impact of DEP-1 siRNAs on VEGFR2 phosphorylation collectively suggest that DEP-1 induces global VEGFR2 dephosphorylation via the preferential dephosphorylation of Y1054 and Y1059 in the activation loop. In fact, an in-depth analysis of VEGF-dependent signaling in DEP-1-depleted cells rather reveals that inhibition of Src, which has also been identified as a DEP-1 substrate (36) , is more likely responsible for the inhibition of Akt. First, we found that the direct inhibition of Src kinases by PP2 was sufficient to block Akt activation in response to VEGF. In addition, the phosphorylation of Src on Y418 and its dephosphorylation on inhibitory Y529 were both found to be impaired in DEP-1-depleted cells, consistent with the observed inhibition of its kinase activity at times when Akt activation was also reduced. Lastly, expression of the catalytically inactive DEP-1 C/S mutant in VEGF-stimulated HUVECs was also shown to lead to the concomitant inhibition of Src and Akt phosphorylation on Y418 and S473, respectively, and coexpression of the constitutively active Src mutant (Y529F) was shown to rescue Akt phosphorylation. These results are therefore consistent with the reported ability of DEP-1 to activate Src kinases via dephosphorylation of the inhibitory C-terminal Y529 (36, 55) , and hence, strongly support Src as a DEP-1 substrate in endothelial cells. We further showed that the phosphorylation of the Gab1 adapter, which is PP2 sensitive and required for the optimal VEGF-dependent activation of Akt (10, 35) , was also blocked in DEP-1-depleted cells. Altogether, these data thus reveal a new role for DEP-1 as an important mediator of VEGF-induced activation of Src, Gab1, PI3K, Akt, and consequently, of endothelial cell survival. Given that Src is upstream of Akt activation in many cell systems, DEP-1 could represent a major mediator of cell survival in various cellular contexts. Consistent with this idea, we have shown that DEP-1 is also required for the optimal FGFmediated activation of Src, Akt, and endothelial cell survival. Activation of other Src-dependent signaling pathways involved in survival might also be affected in DEP-1-depleted cells and contribute to the promotion of cell death. The activation of Src by DEP-1 was actually reported to increase cell adhesion and FAK tyrosine phosphorylation (36) , and the Srcdependent phosphorylation of FAK has been associated with a VEGF-induced survival response (1) . In this context, the depletion of DEP-1 in HUVECs could then also lead to weaker cell-substratum adhesion and FAK phosphorylation, and therefore contribute to the defective Akt activation and survival of these cells upon starvation (1, 17, 27) . Since Gab1 is a major mediator of the PI3K/Akt pathway that is also phosphorylated by Src kinases in VEGF-stimulated HUVECs (10), our results nevertheless strongly support Gab1 as a key contributor to the activation of this essential survival pathway. Importantly, we have shown for the first time that Gab1 associates with VE-cadherin and ␤-catenin complexes, which have been shown to associate with VEGFR2 and mediate Akt activation and endothelial cell survival in response to VEGF (8) . Moreover, our work reveals that DEP-1 may also modulate activation of this pathway by regulating the ability of Gab1 to associate with these complexes. Thus, the correlation between activation of Akt, cell survival, and the ability of Gab1 to associate with PI3K, Src, ␤-catenin, VE-cadherin, and VEGFR2 strongly argues in favor of a role for the Gab1 adapter in allowing the recruitment of PI3K to these VE-cadherin/VEGFR2 complexes. The underlying mechanism involved in the formation and regulation of these complexes however remains to be defined. Since the regulation of cell-cell adhesion is mediated via the Src-dependent phosphorylation of proteins such as ␤-cate- nin and p120 catenin , which are potential DEP-1 substrates, and that DEP-1 associates with ␤-catenin and colocalizes to these junctions, it is interesting to consider that the depletion of DEP-1 in endothelial cells might also result in their altered phosphorylation and function (6, 25, 44) . Future work will be required to determine if such events contribute to the impaired formation of this important signaling complex in DEP-1-depleted cells, which altogether would further amplify the block of Akt activation and survival in response to VEGF.
Interestingly, the phosphorylation of the Akt substrate eNOS on S1177 was found to be increased in DEP-1-depleted cells, even though Akt activation was impaired, as demonstrated by the decreased phosphorylation of both S473 and T308 and the decreased phosphorylation of other Akt substrates, such as FOXO1/4 (19, 37, 38) . However, calcium, PKA, and PKC have also been reported to phosphorylate eNOS on S1177 in response to various stimuli (12, 20, 39) . Similarly, we have found that a PKC inhibitor, rottlerin, leads to the inhibi- The role of alternate pathways in allowing the phosphorylation of eNOS may therefore explain how VEGF and hyperactivated VEGFR2 can induce increased phosphorylation of eNOS in DEP-1-depleted cells, in which Akt activation is suboptimal. This is the first time that a prosurvival function has been attributed to DEP-1, and this may be related to the fact that primary cell cultures instead of immortalized endothelial cells or transformed cancer cells were used for our study. Some of the previous in vitro work was performed on mouse endothelial cells immortalized with the polyomavirus middle T (PymT) oncogene (34) . PymT associates with and activates Src kinases and has been reported to constitutively phosphorylate Gab1 and activate Akt (29, 42, 48) . Thus, the depletion of DEP-1 in these cells should have no impact on the activation of the Src-Gab1-Akt pathway or cell survival. Moreover, under the experimental conditions for FACS analysis, we have not been able to observe an enhancement of DNA synthesis in DEP-1-depleted cells as previously reported (34) . However, this result is consistent with the reduced proliferation of Akt1 Ϫ/Ϫ endothelial cells (9) . The in vivo functional inactivation of DEP-1 was reported not to yield any differences in the apoptosis rate of endothelial cells compared to control animals (50) . A possible explanation may be that the essential role of Akt in VEGF-mediated survival and angiogenesis is only apparent during postnatal or pathological angiogenesis, but not during developmental angiogenesis (2, 9) . Thus, too little expression or activation of DEP-1 during neoangiogenesis could presumably allow increased VEGFR2 phosphorylation and activation of proliferative pathways at a time when cells should become quiescent and establish new cellular contacts, and this would be detrimental to the proper formation and stabilization of new blood vessels. In this context, the increased death of endothelial cells could represent a means of controlling this anarchic proliferation. Conversely, the presence of DEP-1 at cell-cell adhesions of endothelial cells would contribute to the enhanced activation of the Src-Gab1-Akt signaling pathway and to the increased survival of cells as they form new cellular contacts, while downregulating the proliferative signals emanating from VEGFR2. DEP-1 could therefore be involved in the coordinate regulation of Src and VEGFR2 to ensure the proper formation of new capillaries. DEP-1 is best known for its antiproliferative roles and tumor suppressor functions, suggesting that stimulation of DEP-1 function might represent an interesting therapeutic strategy. Our results however demonstrate that in addition to these functions, DEP-1 is also required for the promotion of optimal VEGF-dependent cell survival. In this context, it is tempting to speculate that inhibition of DEP-1 function during pathological angiogenesis could also represent an alternative therapeutic avenue to explore. 
